Cachexia is a syndrome characterized by wasting of skeletal muscle and contributes to nearly one-third of all cancer deaths. Cytokines and tumor factors mediate wasting by suppressing muscle gene products, but exactly which products are targeted by these cachectic factors is not well understood. Because of their functional relevance to muscle architecture, such targets are presumed to represent myofibrillar proteins, but whether these proteins are regulated in a general or a selective manner is also unclear. Here we demonstrate, using in vitro and in vivo models of muscle wasting, that cachectic factors are remarkably selective in targeting myosin heavy chain. In myotubes and mouse muscles, TNF-a plus IFN-g strongly reduced myosin expression through an RNA-dependent mechanism. Likewise, colon-26 tumors in mice caused the selective reduction of this myofibrillar protein, and this reduction correlated with wasting. Under these conditions, however, loss of myosin was associated with the ubiquitin-dependent proteasome pathway, which suggests that mechanisms used to regulate the expression of muscle proteins may be cachectic factor specific. These results shed new light on cancer cachexia by revealing that wasting does not result from a general downregulation of muscle proteins but rather is highly selective as to which proteins are targeted during the wasting state.
Introduction
Cachexia is a wasting condition that manifests itself in several lifethreatening diseases, including cancer, congestive heart failure, AIDS, and sepsis (1, 2) . Often misdiagnosed as simply a condition of weight loss, cachexia actually is a highly complex metabolic disorder involving features of anorexia, anemia, lipolysis, activation of acute phase response, and insulin resistance. In addition, patients exhibit a significant loss of lean body mass, resulting from the wasting of skeletal muscle (3) . Unlike starvation, which depletes fat stores from adipose tissue while conserving protein from skeletal muscle, in cachexia neither fat nor protein is spared (4) . This may explain why nutritional supplements alone promote weight gain due to the replenishment of fat but are mostly ineffective in restoring skeletal muscle protein content and reversing whole-body wasting (5) . The reduction in muscle protein culminates in conditions of asthenia, immobility, and cardiac or respiratory failure (1) . The cachectic state is particularly problematic in cancer, typifying poor prognosis and often lowering responses to chemotherapy and radiation treatment (3) . More than half of cancer patients suffer from cachexia, and strikingly, nearly a third of mortalities are estimated to result from cachexia rather than the tumor burden (6) .
Although the molecular basis of cancer cachexia remains largely unresolved, several key mediators have been identified. One set is proinflammatory cytokines, including TNF-α (7), IL-1β (8) , , and IFN-γ (10) . These factors are produced by host immune cells in response to the tumor, or by tumor cells themselves. TNF-α in particular (formerly named cachectin and from here on referred to as TNF) has been found to be elevated in the circulation of cancer patients (11) (12) (13) (14) (15) and is thought to contribute to multiple aspects of cachexia (16) . For example, TNF potently stimulates fat degeneration (17, 18) and plays a key role in tumor-induced muscle wasting (19) (20) (21) (22) (23) (24) . With regard to muscle wasting, however, studies using predifferentiated myofiber cultures or skeletal muscle explants showed that TNF, even at high concentrations, was not sufficient to promote protein loss (25, 26) . Such results prompted the notion that factors in addition to TNF are required for muscle wasting (27) . This claim is supported by observations of protein loss resulting from increases in the pro-cachectic cytokines IL-6, IL-1β, and IFN-γ, from an increase in the tumor-producing factor proteolysis-inducing factor (PIF), and from a reduction in the activity of anti-cachectic cytokines like IL-15 (28) (29) (30) . It is thus likely that wasting is regulated by multiple factors originating from both tumor and host immune cells.
Cachectic factors are thought to regulate muscle wasting by several mechanisms. One is reduction of protein synthesis, through either the inhibition of amino acid uptake or the suppression of RNA. Indeed, in some tumor models total muscle RNA can decrease as much as 40% compared with that in control animals (31, 32) . Wasting may also occur through protein breakdown regulated by the lysosomal, the calpain, or the ATP-dependent ubiquitin/proteasome pathway (33) . Of these pathways, the ubiquitin/proteasome system is by far the most studied (34) . Both inflammatory cytokines and tumor-secreted factors are known to stimulate the expression of ubiquitin and various subunits of the 26S proteasome (33) , and recently, muscle-specific E3 ligases were identified and shown to stimulate muscle atrophy (35, 36) .
Though several cachectic factors have been identified and the mechanism of their signaling pathways partly elucidated, surprisingly little attention has been paid to the actual muscle gene products that are targeted for downregulation during the wasting state.
Because of their overall abundance and functional relevance in skeletal muscle architecture, it has been largely presumed that such targets represent myofibrillar proteins that constitute the basic contractile unit of myofibrils (37) . But whether there is selectivity as to which myofibrillar protein is targeted for downregulation is not known, nor have the mechanisms that regulate the expression of these proteins been firmly established. To gain insight into this aspect of cachexia, we examined the regulation of the core myofibrillar proteins myosin heavy chain (MyHC), actin, troponin, and tropomyosin in both cell culture and tumor models of muscle wasting. Our results show that cachectic factors display a remarkably high degree of selectivity for the downregulation of MyHC. Results also indicate that, depending on the inducing signal, loss of MyHC can occur through either an RNA-dependent or a proteasome-dependent process, which raises the possibility that the mechanism of targeted downregulation depends on the specific cachectic factor mediating the wasting state. Based on these findings, we propose that cancer-induced muscle wasting does not result from a general loss of muscle proteins but rather derives from the selective downregulation of key skeletal muscle gene products.
Results

Proinflammatory cytokines selectively downregulate MyHC.
Cancer-induced muscle wasting is mediated in large part by signaling pathways from multiple proinflammatory cytokines as well as from tumor-produced catabolic factors (3, 28) . Because of their abundance in muscle, it has been largely presumed that the activation of these pathways leads to the targeted downregulation of myofibrillar proteins that constitute the sarcomeric unit of the myofibrils, essential for skeletal muscle function. But which of these muscle gene products serve as bona fide targets of cachectic factors is not clear, and the mechanisms that regulate the levels of these proteins in a wasting state are not well understood. To gain insight into this aspect of cachexia, we initiated this study by examining the effects of proinflammatory cytokines on the expression of myofibrillar proteins in predifferentiated C2C12 cultures. Previous work using this culture system demonstrated that TNF in combination with IFN-γ (from here on referred to as IFN) caused a pronounced reduction of MyHC, without affecting the viability of the myotubes (25, 38) . To address the specificity of this regulation, C2C12 myotubes were treated and the expression of other core myofibrillar proteins was examined.
Interestingly, in comparison with MyHC, whose expression decreased nearly fivefold in treated myotubes, no appreciable quantitative loss occurred with any of the other core myofibrillar proteins troponin T, tropomyosin (α and β forms), or α-sarcomeric actin (Figure 1, A-C) . In addition, TNF/IFN treatment had no effect on the expression of another myofibrillar protein, actinin, nor was any difference detected in the levels of myosin light chain; this suggests that regulation of MyHC by TNF/ IFN signaling is not a general phenomenon related to thick filament proteins ( Figure 1C) . A similar level of MyHC repression was observed with a second antimyosin antibody, demonstrating that this regulation is not antiserum-dependent ( Figure 1D ). Importantly, primary myotubes treated with TNF/IFN showed a similar downregulation of MyHC, demonstrating that this phenotype was not specific to immortalized C2C12 cells ( Figure 1E ). Thus, in cultured myotubes MyHC appears to be a selective target of the TNF/IFN signaling pathway.
Figure 1
MyHC is selectively targeted by TNF/IFN signaling. C2C12 myoblasts were differentiated in DM for 3 days and subsequently switched to medium alone or containing TNF (10 ng/ml) and IFN (100 U/ml) for 48 hours. Regulation of MyHC by TNF/IFN signaling is RNA-dependent. Given that TNF and IFN share biological properties, and that their respective signaling pathways often synergize to regulate gene expression (39), we asked whether MyHC regulation occurred at the RNA level. RT-PCR results showed that increasing concentrations of TNF or IFN alone had minimal effects on the expression of MyHC. In contrast, addition of both cytokines reduced MyHC mRNA in cooperative fashion (Figure 2A ). Consistent with protein data in Figure 1 , expression of troponin, tropomyosin, and actin genes were unchanged by cytokine treatment. Northern analysis confirmed these results and further estimated that TNF/IFN treatment caused an approximately sixfold reduction in MyHC expression compared with that in control myotubes ( Figure 2B ), a value similar to that determined at the protein level ( Figure 1B) . Northern data also revealed that this regulation was not specific to a single myosin isoform, since types IIa and IIb were both regulated by cytokine signaling.
Next the temporal regulation of MyHC was examined. Reduction in MyHC IIb RNA occurred as early as 6 hours after TNF/IFN treatment, and levels continued to progressively decline between 12 and 48 hours ( Figure 2C ). Regulation of MyHC IIa was also observed, though the kinetics for this isoform was slower than that for IIb. As predicted, the decrease in MyHC RNA was also closely followed by a similar reduction in myosin protein (Supplemental Figure 1 ; supplemental material available at http://www.jci.org/cgi/content/full/114/3/370/DC1). To determine whether this regulation was reversible, MyHC was compared in myotubes either persistently treated with cytokines or washed free of the factors after an initial 24-hour exposure. Compared with the downregulated levels of MyHC mRNA in continually treated myotubes, MyHC mRNA levels were restored in the absence of cytokine stimuli ( Figure 2D ). Together these data indicate that MyHC selectivity is mediated at the RNA level and regulated in a temporal manner that requires persistent TNF/IFN signaling.
The rapid rate at which TNF/IFN treatment suppressed MyHC IIb RNA expression suggested that this regulation occurred at the transcriptional level. To investigate this possibility, C2C12 myoblasts were transfected with a reporter construct containing the MyHC IIb promoter (40) . As expected, promoter activity significantly increased in differentiating C2C12 myocytes, confirming the functionality of this reporter system ( Figure 3A) . Next, similar transfections were performed with control and TNF/IFN-treated myotubes. Results showed that MyHC IIb promoter activity was significantly reduced by TNF/IFN treatment in a time-dependent manner ( Figure 3B ), an effect similar to the temporal decrease in MyHC mRNA ( Figure 2C ).
Since transcriptional activation of MyHC IIb is known to be under tight control of the myocyte regulatory factor MyoD (41), we speculated that repression of MyHC IIb transcription could result from the cytokine-mediated inhibition of this transcription factor. In support of this hypothesis, TNF/IFN caused a dramatic loss of MyoD mRNA in C2C12 myotubes ( Figure 3C ). In addition, exogenous expression of MyoD rescued MyHC transcription in the presence of the two cytokines ( Figure 3D ). This regulation was specific to MyoD, since similar expression of a mutant form of this transcription factor (42) was unable to restore promoter activity. Taken together, these data suggest that one mechanism by which TNF/IFN signaling can repress MyHC is at the transcriptional level, possibly resulting from the cytokine-mediated inhibition of MyoD synthesis.
To address whether other mechanisms may contribute to the regulation of MyHC, we tested the incorporation rate of [ 35 S]-methionine into myosin prior to the major decline of myosin RNA that occurred in response to TNF and IFN. Results from this analysis revealed little difference in incorporation rates, indi-
Figure 2
Chronic TNF/IFN signaling is required to induce the temporal downregulation of MyHC mRNA. (A) Myotubes were treated with DM containing increasing doses of TNF (5 ng/ml, lane 1; 10 ng/ml, lane 2), IFN (50 U/ml, lane 3; 100 U/ml, lane 4), or TNF plus IFN (5 ng/ml + 50 U/ml, lane 5; 10 ng/ml + 100 U/ml, lane 6). After 48 hours, RNA was prepared and RT-PCR was performed (MyHC IIb; Tn3, troponin T3; α-TM, α-tropomyosin; α-actin). (B) Myotubes were either untreated or treated with TNF (5 ng/ml), IFN (50 U/ml), or TNF plus IFN (5 ng/ml + 50 U/ml) for 48 hours. RNA was prepared, and Northern blots probing for MyHC IIa and IIb were performed. GAPDH was used as a loading control. cating that TNF/IFN treatment does not affect the synthesis of MyHC ( Figure 3E ). [ 35 S] pulse chase analysis also revealed that TNF/IFN treatment had little effect on the rate of MyHC turnover ( Figure 3F ). Although an effect on MyHC protein cannot be completely ruled out, the data demonstrate that selective targeting of MyHC by TNF/IFN signaling occurs predominantly through an RNA-dependent mechanism.
MyHC is selectively targeted by TNF/IFN signaling in vivo. To determine whether a similar regulation by TNF/IFN occurred in vivo, CHO cells stably expressing the secreted forms of TNF and IFN were utilized (18, 25) . Vector control and cytokine-expressing CHO cells were thus injected intramuscularly in mice, and the expression of myofibrillar gene products was subsequently examined at 6 and 12 days. While the persistent expression of cytokines in vivo led to the reduction of MyHC protein, no significant decrease was observed for other core myofibrillar proteins ( Figure 4A ). The decrease in MyHC was also associated with a concomitant reduction in its mRNA ( Figure 4B ), while no such effects were observed with other myofibrillar genes. These results thus confirm that among the core myofibrillar proteins, MyHC is a selected target of TNF/IFN signaling.
MyHC is a selective target in colon-26 cancer cachexia.
In the final part of this study, we attempted to address whether the selective regulation of MyHC demonstrated by TNF/IFN signaling could be extended to an established cancer-cachexia model of muscle wasting. For experimental convenience, we chose the colon-26 (C-26) adenocarcinoma model (43) (44) (45) . Although muscle wasting in this tumor model is largely accepted to be dependent on IL-6 rather than TNF or IFN (43, 46) , we reasoned that if MyHC were indeed a selective target of myofibrillar proteins in cachexia, this regulation would be maintained irrespective of the cachectic factor inducing the wasting state. To test this hypothesis, C-26 adenocarcinoma tumors were established in mice. Consistent with previous reports (43) (44) (45) , mice bearing C-26 tumors underwent substantial weight loss ( Figure 5A ) and exhibited other classic features of cachexia, including anorexia, enlarged spleen, and reduced heart size (data not shown). In addition, we observed that fat content was nearly completely depleted following 12 days of tumor inoculum, while loss of muscle mass was only beginning to occur at this same time (Table 1) . Muscle weights continued to decline from day 12 onward, which we suggest likely accounted for the persistent reduction in whole-body weights. In addition, like that observed in cancer patients (47) , wasting was more pronounced in fast-twitch 
Figure 4
Expression of TNF and IFN in vivo causes the selective downregulation of MyHC. Saline used as a control (100 μl) or CHO cells expressing TNF and IFN (1 × 10 7 cells per 0.1 ml) were injected into gastrocnemius muscles of nude mice (n = 4 per group). At 6 and 12 days after injection, muscles were harvested, divided into equal sections, and homogenized to prepare either total protein or RNA. Core myofibrillar gene products were examined by Western blotting (A) or Northern analyses (B) (MyHC IIb, α-tropomyosin, troponin T3, α-actin).
type II-containing muscles, such as tibialis anterior and gastrocnemius, than in slow-twitch type I muscles, such as soleus.
Extracts prepared from control and cachectic tibialis anterior muscles were analyzed for expression of myofibrillar proteins. Results showed that reproducibly lower levels of MyHC were expressed by cachectic muscles than by non-tumor-bearing control samples (Figure 5B) . Similar results were found in gastrocnemius muscles (data not shown). Importantly, in keeping with findings obtained from cytokine-treated myotube cultures and mouse muscles, no detectable changes were observed in the levels of the other myofibrillar proteins. Such results argue strongly that MyHC is indeed a selective target associated with a wasting state. Although fiber-type switching has been reported to occur in soleus muscles from C-26-bearing mice (48), we were not able to detect such regulation in either tibialis or gastrocnemius muscles (data not shown). In addition, correlating with the lack of appreciable wasting, only a slight difference in MyHC type I expression was observed in soleus muscles from cachectic mice compared with control animals ( Figure 5C ).
Next, Northern analyses were performed to determine the mechanism of MyHC regulation in C-26 cachectic muscles. Interestingly, unlike the decreased levels of MyHC mRNA detected in TNF/ IFN-treated cells or muscles, in this model MyHC mRNA levels were unchanged ( Figure 5D ). These results indicate that although different causative factors of cachexia maintain an ability to selectively regulate MyHC expression, this regulation can apparently occur through distinct mechanisms.
Evidence that C-26 tumors target MyHC through the ubiquitin/proteasome pathway. The ubiquitin ligase-dependent proteasome pathway has been identified as a major cellular mechanism that regulates skeletal muscle wasting in cancer and other disease states (35, 36, 49) . Given that no change in MyHC mRNA expression was detected in C-26 cachectic muscles, we asked whether decreases observed at the protein level could be mediated through such a degradation process. In keeping with reports in other tumor models of wasting (50-52), we found that expression of ubiquitin, and of the musclespecific E3 ubiquitin ligase genes MuRF1 and atrogin-1/MAFbx, was visibly increased in muscles with C-26-induced cachexia compared with control muscles ( Figure 6A ). Based on these results, we reasoned that the activation of the ubiquitin/proteasome system would also lead to an increase in the ubiquitinated state of MyHC. To test this, ubiquitin co-immunoprecipitation (co-IP) analyses were performed with extracts prepared from control and C-26 tumor-bearing mice. Results showed that the mature form of MyHC could readily be immunoprecipitated with ubiquitin; this supports the involvement of this proteolytic pathway in the basal turnover of myosin ( Figure 6B ). We also detected that levels associated with the mature form of myosin did not substantially differ between tumor and control muscle samples ( Figure 6B ), which suggests that tumor burden in this case did not enhance the polyubiquitination state of MyHC. Importantly, however, elevated levels of smaller MyHC-reactive fragments were clearly visible in C-26 cachectic muscles, which may represent proteolyzed intermediates of this protein. Furthermore, we observed that in some cachectic muscles taken from mice with late-stage tumors, the ubiquitin antibody precipitated significantly less myosin ( Figure 6B, lane 6) . Although it is possible that ubiquitin conjugation for MyHC was defective in these mice, this may also suggest that in these muscles myosin had already undergone substantial degradation.
To validate these findings, similar co-IP reactions were performed with TNF/IFN-treated C2C12 myotubes. Similar to what was observed in muscle extracts, myosin from untreated cells was found in complex with ubiquitin, and as MyHC levels decreased in response to TNF/IFN treatment, progressively less protein was immunoprecipitated with the ubiquitin antibody ( Figure 6C ). However, unlike in C-26 muscle extracts, less myosin-reactive fragments were detected in treated myotubes. This result, in conjunction with our earlier finding that TNF/IFN did not alter the rate of MyHC turnover (Figure 3) , supports the notion that proteolysis is not likely to be a predominant mechanism by which myosin is selectively downregulated in cultured myotubes.
To extend the specificity of these reactions, ubiquitin co-IP was repeated to analyze the association with other core myofibrillar proteins. In comparison with myosin, relatively low levels of the other myofibrillar proteins were found coupled to ubiquitin in mouse muscles, and in each case no differences in ubiquitin association with these proteins were observed between control and tumor-bearing muscles, or between untreated and TNF/ IFN-treated myotubes ( Figure 6 , B and C; tropomyosin is used as a representative protein). Taken together, these results imply that C-26-induced muscle wasting is associated with the selective reduction of MyHC protein, whose regulation is likely to be mediated by ubiquitin-dependent proteolysis.
Finally, to assess the functional significance associated with the loss of MyHC in muscle wasting, co-IP reactions were performed between myosin and its main binding partner, sarcomeric actin (37) . Results showed that myosin-actin complexes were significantly compromised in muscles from tumor-bearing mice compared with control samples ( Figure 6D ). Consistent with these findings, a severe decrease in myosin-actin association was also detected in C2C12 myotubes treated with TNF and IFN ( Figure 6E ). These results demonstrate that selective loss of MyHC, controlled either through an RNAdependent or a protein-dependent mechanism, leads to a concomitant dissociation of myosin-actin interactions.
Discussion
This study reveals several key findings with regard to muscle wasting in cancer cachexia. The first, and most important, is that pro-cachectic factors do appear to have a high degree of selectivity as to which skeletal muscle gene product is targeted for downregulation. We found that of the myofibrillar proteins examined, MyHC was pronouncedly downregulated, while no significant changes occurred in the expression levels of tropomyosin, troponin, sarcomeric actin, actinin, and myosin light chain. MyHC selectivity was shown in cultured myotubes and mouse muscles treated with TNF/IFN, as well as in mice bearing C-26 tumors. In addition to these cachectic factors, we have extended our analysis by investigating the effects of other known mediators of muscle wasting. Results showed that myotubes treated with TNF and either high concentrations of IL-6 or medium conditioned with G361 melanoma cells also caused the selective downregulation of MyHC (Supplemental Figure 2) . Furthermore, selective targeting of MyHC was also observed in mice bearing G361 melanomas, tumors previously shown to secrete the muscle proteolysis factor proteolysis-inducing factor (PIF) (53) . Although other myofibrillar proteins remain to be investigated, these data strongly support that MyHC is a preferred target of multiple pro-cachectic factors. Given that MyHC accounts for approximately 40% of myofibrillar protein content in mature muscle (37) , and mice lacking this gene display growth and muscle Saline control or C-26 adenocarcinoma cells were injected subcutaneously into the right flank of CD2F1 mice (n = 6 per group). At indicated days, skeletal muscle and adipose tissue weights were recorded in milligrams. Results are represented as mean ± SEM. Statistical significance was determined using A Wilcoxon rank sum test, P < 0.025, or B Student's t test, P < 0.05. ND, not detectable.
Figure 6
C-26 tumors enhance ubiquitin/E3 ligase expression and MyHC ubiquitination products. Mice were injected in the right flank with either control (n = 3) or C-26 cells (n = 3), and at days 23-25 after injection, tibialis muscles were isolated and prepared for RNA or protein analyses. (A) Northern blots probing for ubiquitin (Ub), MuRF1, and atrogin-1/MAFbx in muscles from control versus C-26-injected mice. (B and C) Homogenates were prepared from mouse muscles or C2C12 myotubes, and protein complexes were subsequently immunoprecipitated overnight with an anti-ubiquitin antibody (IP).
Immunoprecipitates were fractionated by SDS-PAGE, and immunoblot (IB) analyses probing for MyHC (upper panels) or tropomyosin (TM; lower panels) were performed. The Western blot for MyHC in B was purposely overexposed to accentuate differences in MyHC protein products coupled to ubiquitin (bracketed). Asterisks in the tropomyosin Western blot denote nonspecific bands. (D and E) Homogenates described in B and C were immunoprecipitated with an α-sarcomeric actin antibody (IP), and complexes were fractionated by SDS-PAGE and immunoblotted (IB) for MyHC and α-actin.
defects (54), it is reasonable to propose that loss of MyHC would contribute significantly to the reduction in lean mass associated with a cachectic state. A second finding revealed by this study is that inflammatory cytokines are capable of repressing MyHC at the RNA level. The data showed that TNF alone was not sufficient to regulate MyHC mRNA expression (Figure 2) , which is consistent with the notion that in vivo TNF functions in concert with other inflammatory cytokines and/or tumor factors to promote muscle wasting (26, 27, 55) . Although our findings demonstrate the dual requirement of TNF and IFN for suppression of MyHC, it should be noted that some reports do maintain the individual role of TNF in muscle wasting (56, 57) . In addition, administration of TNF in animals has been shown to lead to the reduction of MyHC mRNA (58) , although under these conditions the effect may be secondary to the direct activity of the cytokine. Whether circulating levels of TNF or IFN are elevated in cancer patients is controversial, but studies do support their relevance in wasting (11) (12) (13) (14) (15) . There is also evidence that cytokines may rise as a consequence of the cancer therapy itself. Cachexia-like symptoms have been reported as common side effects of IFN therapy in cancer patients (59) , and elevated IFN levels were also reported in patients receiving IL-2 and IFN-β therapy (60) . We envision that regulation of myosin at the RNA level may be a contributing mechanism to muscle breakdown in conditions that favor persistent signaling from both TNF and IFN.
Which signaling molecules mediate the cooperative activity of TNF and IFN is not yet known, but there is good reason to suspect the involvement of the NF-κB pathway. NF-κB is strongly activated by TNF, and recently its activity was shown to be required for cytokine-mediated repression of MyHC protein (25, 56, 61) . NF-κB was also shown to be required for TNF and IFN to downregulate the expression of MyoD protein in C2C12 myotubes (25) . Consistent with these findings, the data presented in this study showed that TNF/IFN could dramatically reduce MyoD mRNA expression, and that rescued expression of MyoD in C2C12 myotubes was sufficient to block TNF/IFN-mediated repression of the MyHC IIb promoter. Given that MyoD binding to the MyHC IIb promoter is required for myosin expression in fast-twitch muscles (41) , it is tempting to speculate that cytokine-induced suppression of MyHC IIb transcription is regulated by NF-κB through the inhibited synthesis of MyoD. However, it is possible that in addition to MyoD other myogenic regulators can be targeted by cytokines, leading to the further downregulation of myosin.
Lastly, findings of this study demonstrate that selective targeting of key muscle gene products, such as MyHC, can occur through different regulatory mechanisms. In contrast to TNF/ IFN-treated myotubes, selective targeting of MyHC in mice bearing C-26 tumors occurred at the protein level. Induction of ubiquitin and E3 ligase genes, in conjunction with the presence of ubiquitin-MyHC conjugates, supports the involvement of the ubiquitin-dependent proteasome system in the regulation of this myofibrillar protein. Thus, these data imply that MyHC is a preferred substrate of ubiquitin ligases. In vitro, core myofibrillar proteins have been shown to serve as efficient substrates for ubiquitin conjugation, resulting in their degradation by the ATP-dependent 26S proteasome (62) . Importantly, the rate of this proteolysis was significantly reduced when core myofibrillar proteins were preassembled into a myofibril complex. This implied that the dissociation of myofibrillar proteins in the contractile apparatus is the rate-limiting step for ubiquitination and subsequent ATP-dependent proteolysis. Consistent with this thinking, sepsis-induced muscle cachexia was reported to be associated with the disruption of sarcomere architecture and the subsequent release of myofilaments, although in this model these effects were largely found to be regulated by a calcium-dependent proteolysis pathway (63) . In line with these findings, we predict that C-26 tumor-induced muscle wasting is associated with the disorganization of the myofibrillar network, and that the specificity of MyHC downregulation in C-26 tumor-bearing mice derives from the partial dissociation of MyHC from actin and the remaining components of the sarcomeric complex. Upon dissociation of the myofibril, MyHC would thus be susceptible to ubiquitin ligase activity and primed for proteasome-dependent degradation. The absence of actin, troponin, or tropomyosin degradation may signify that these proteins remain bound to each other, thereby minimizing their polyubiquitination. Although our current data demonstrate that myosin and actin association is lost in cachectic muscle ( Figure 6 ), it will be interesting to test whether interactions are compromised between myosin and the other core myofibrillar proteins, as well as the interactions of the core proteins not found to be susceptible to proteolysis.
Based on these current results, we propose that muscle wasting is not a process regulated by the downregulation of a general number of myofibrillar proteins but rather is highly selective as to the targeting of key muscle gene products. Data presented here from different models of cytokine-and tumor-induced cachexia indicate that MyHC is a selective target irrespective of the pro-cachectic factor. The identification of MyHC as one of these selective targets may be useful in the design of future cancer-cachexia therapies.
Methods
Cell culture and materials. Murine C2C12 and primary myoblasts were grown and differentiated in differentiated medium (DM), as previously described (24) . Murine C-26 adenocarcinoma cells were cultured with RPMI 1640 (Invitrogen Corp., Carlsbad, California, USA) containing 10% FBS (HyClone, Logan, Utah, USA). TNF and IFN were purchased from Roche Applied Science (Indianapolis, Indiana, USA). Antibodies, MyHC fast (MY-32), MyHC slow (NOQ7.5.4D), troponin T (JLT-12), sarcomeric tropomyosin (CH1), and α-sarcomeric actin (5C5) were obtained from Sigma-Aldrich (St. Louis, Missouri, USA). A MyHC antibody that recognizes all sarcomeric forms of myosin (MF20) was obtained from Developmental Studies Hybridoma Bank (University of Iowa, Iowa City, Iowa, USA). Antibodies for myosin light chain (FL-172) and α-actinin (H-300) were obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, California, USA) and ubiquitin from Calbiochem (San Diego, California, USA).
Transfections. Transient transfections were performed in triplicate in C2C12 cells seeded in 12-well culture dishes. The CMV-β-galactosidase plasmid was used to standardize for transfection efficiency. Briefly, 0.25 μg of both the MyHC IIb promoter luciferase and CMV-β-galactosidase plasmids were incubated with SuperFect as recommended by the manufacturer (QIAGEN Inc., Valencia, California, USA). This mixture was subsequently added to the cells with 0.6 ml complete medium for approximately 3 hours. After this time, cells were rinsed with PBS and then incubated with 1 ml complete medium overnight. The following day, cells were induced to differentiate until cell extracts were prepared and luciferase activity was monitored as previously described (24) .
Immunofluorescence, Western blot, and co-IP analyses. Myoblasts grown in 35-mm plates were differentiated for a maximum of 3 days and subsequently switched to fresh DM with or without cytokines. After 24 hours, medium was replenished with additional cytokines for 12-24 hours, after which the cells were fixed and stained as previously described (38) . For Western analysis, cells were subjected to conditions similar to those for immunofluorescence, and extracts were prepared as previously described (24) . For muscle extracts, frozen tibialis anterior or gastrocnemius tissues were homogenized in 1 ml of lysis buffer (1% Triton X-100, 150 mM NaCl, 50 mM Tris-HCl [pH 7.5], 1 mM EDTA, 1 mM PMSF) using a tissue homogenizer. Immunoblotting was performed by standard techniques. For immunoprecipitation reactions, 250 μg of total protein from C2C12 extracts was used in each reaction. For tissue, tibialis anterior muscles were homogenized in 1 ml of immunoprecipitation lysis buffer (0.5% Triton X-100, 150 mM NaCl, 50 mM Tris-HCl [pH 7.5], 1 mM EDTA, 1 mM PMSF, with standard protease and phosphatase inhibitors), and 500 μg of protein was used for each reaction. Extracts were precleared of nonspecific immunoprecipitates with 1 μg IgG for 1 hour at 4°C. Supernatants were transferred to a fresh tube, and 1 μg of antibody was added to the tube and incubated by rocking overnight at 4°C. After immunoprecipitation, complexes were collected, washed, and resuspended in 30 μl in standard loading buffer. Western blots were performed to probe for myofibrillar proteins. Radiolabeled immunoprecipitation reactions were performed in a similar fashion with the following modifications. C2C12 cells were differentiated in DM for 3 days and subsequently treated with or without TNF/IFN in medium lacking methionine and cysteine. One hour prior to cell harvesting, cultures were pulsed with 72 μCi of [ 35 S] EasyTag protein labeling mix (NEN Life Science, Boston, Massachusetts, USA). Alternatively, myotubes were pulsed with [ 35 S] for 1 hour, and then chased with DM with or without TNF/IFN. Immunoprecipitation complexes were resuspended in 30 μl in loading buffer and fractionated by SDS-PAGE. Gels were dried and subsequently exposed to autoradiography for 1-2 days.
Northern blot and RT-PCR analyses. Total RNA was isolated from C2C12 cells or muscle tissues, and Northern blotting was performed as previously described (24, 25) . For semiquantitative RT-PCR analysis, 2 μg of total RNA was used in reactions with Access RT-PCR according to the manufacturer's instructions (Promega Corp., Madison, Wisconsin, USA). Primer pairs for the amplification of myofibrillar gene products were the following: MyHC IIb, 5′-GAATGCCTATGAGGAGTCTCTGG-3′ forward, 5′-CTTCTTGGTGTTGATGAGGCTGG-3′ reverse; MyHC IIa, 5′-CGTCT-GACAGCGAAGAAGCAGG-3′ forward, 5′-CTTCTCGGCTTTAT TCCTG-GAGG-3′ reverse; troponin T3, 5′-GAACCAGAGGAGAAACCAAGACC-3′ forward, 5′-GTCATCTTCAGCTCTCCTCTTGG-3′ reverse; α-tropomyosin, 5′-GCTGAAGCTCGACAAAGA GAACG-3′ forward, 5′-CTCGGCTTTCAAT-GACTTTCATGC-3′ reverse; α-sarcomeric actin, 5′-GCTGAACGTGAGATT-GTGCGCG-3′ forward, 5′-GCACGATTGTCGATTGTCGTCC-3′ reverse; MuRF1, 5′-GGACGGAAATGCTATGGAGAACC-3′ forward, 5′-GATGGCT-GTTTCCA CAAGCTTGG-3′ reverse; atrogin-1/MAFbx, 5′-CCTCAGCAGT-TACTGCAACAAGGA-3′ forward, 5′-CATCTTCTTCCAATCCAGCTGCC-3′ reverse. The plasmid containing the ubiquitin cDNA was a generous gift of Y. Xiong (University of North Carolina, Chapel Hill, North Carolina, USA).
Mice and measurement of cachexia. NCR Nu/Nu mice (Taconic, Germantown, New York, USA) or male BALB/c × DBA/2 F1 (CD2F1) mice (Harlan, Indianapolis, Indiana, USA) were purchased at 6-7 weeks of age, weighing from 23 to 25 g. Animals were housed in the animal facility at the Arthur G. James Comprehensive Cancer Center (The Ohio State University) under conventional conditions with constant temperature and humidity, and fed a standard diet. Treatment of mice was in accordance with the guidelines of the Institutional Animal Care and Use Committee. For in vivo administration of cytokines, CHO cells expressing either TNF or IFN were injected into gastrocnemius muscles as previously described (25) . For tumor administration, cultured C-26 cells were trypsinized, pelleted in complete medium, and subsequently resuspended in PBS at a concentration of 1 × 10 7 cells/ml. One hundred microliters of cells were injected subcutaneously into the right flank of CD2F1 mice. Tumor size and body weight were monitored every day starting at day 8 after tumor cell inoculum. Animals were sacrificed at indicated times, and tissues were removed and weighed. Skeletal muscle samples were subsequently snap-frozen in liquid nitrogen and stored at -70°C.
Statistical analysis. Analysis was performed between different groups using a two-tailed Student's t test and the Wilcoxon rank sum test.
